Abstract-Reliability and availability of modern wind turbines are of increasing importance, for two reasons. The first is due to the fact that power grids around in the world depends at a higher and higher degree on wind energy, and the second is the importance of lowering Cost of Energy of the wind turbines. One of the critical components in modern wind turbines is the gearbox. Failures in the gearbox are costly both due to the cost of the gearbox itself, but also due to lost power generation during repair of it. Wind turbine gearboxes are consequently monitored by condition monitoring systems operating in parallel with the control system, and also uses additional sensors measuring different accelerations and noises, etc. In this paper gearbox data from high fidelity gearbox model of a 750 kW wind turbine gearbox, simulated with and without faults are used to shown the potential of frequency based detection schemes applied on measurements normally available in a wind controller system. This paper shows that two given faults in the gearbox can be detected using a frequency based detection approach applied to sensor signals normally available in the wind turbine control system. This means that gearbox condition monitoring/ fault detection could be included in the standard control system, which potentially can remove the cost of the additional condition monitoring system and the additional sensors used in it.
I. INTRODUCTION
One of the main objectives in wind turbine research and development is to lower cost of energy (COE) of wind turbines. COE is basically computed as the ratio between the total life time cost of the wind turbine and the total energy generated by the wind turbine during its lifetime. Consequently COE can be minimized by either lowering costs or increasing energy generation. Fault detection, isolation and accommodation is one of the areas to focus on to obtain this objective. Better fault detection, isolation and accommodation can lower the maintenance costs and as well the down time of turbines, thereby both lowering costs and the possible production of energy.
The predominant industrial approach for fault detection and accommodation in the wind turbine industry is to use simple fault detection methods applied to the available control system sensor signals, like thresholds on measurements, and as well condition monitoring systems used to monitor some of the expensive rotating parts like gearboxes and bearings. Normally these condition monitoring systems are systems with computers operating in parallel to the existing Peter F. Odgaard is at Aalborg University, 9220 Aalborg East, Denmark, pfo@es.aau.dk control system, and it is as well using additional often expensive sensors measuring accelerations, vibrations and/or sounds. In [1] and [2] more information on wind turbine condition monitoring can be found. It is consequently an expensive add-on to the control system. A number of reviews of wind turbine condition monitoring can be seen in [3] , [4] and [5] . It would clearly be beneficial if one could use the measurements available in the control system to detect changes in the condition of e.g. the drive train in a wind turbine. In [6] some basic steps in using the existing control system was taken, as spectrum analysis on the generator current is used to detect a bearing fault in a 160 W direct drive turbine. To facilitative research in this problem a friction change in the drive train was included in the wind turbine fault detection, isolation and accommodation benchmark model proposed by the same authors in [7] , in which the parameters in the 3 state gearbox model change slightly both in frequency and damping coefficient. A high number of contributions have been proposed to this model, but only a few deals with the gearbox fault in the benchmark model, some of the contributions to this benchmark model were evaluated in [8] . Solutions to this problem were presented in [9] and [10] , in which two different time-frequency based approaches were used to detect faults in the gearbox, both showing a potential for wind turbine gearbox fault detection based on sensor signals available in the standard control system. The main idea of these approaches are that the frequency response of the gearbox changes with the occurrence of the fault.
The next step would be to apply these schemes to a high fidelity model of a wind turbine gearbox. In [11] a multibody model of the NREL GRC 750 kW gearbox is presented, with a number of faults in the gearbox. Frequency analysis are performed in this work to identify potential frequency ranges for fault detection in this gearbox, using both normal available speed measurements and as well additional speed measurements on additional stages in the gearbox. It is clearly less expensive to only use the existing speed sensors, and the potential gain of the gearbox fault detection is consequently higher if only existing sensor signals are used.
In this paper the frequency based detection scheme presented in [10] is applied to the data used in [11] and it is shown that faults can be detected using the rotor and generator speed measurements which are standard measurements available in wind turbine control systems.
In Section II the used gearbox model and the data generated by it are presented. The used frequency based detection scheme is described in Sec. III. The obtained fault detection results are presented in Section IV. A conclusion is drawn in Section V.
II. WIND TURBINE GEARBOX MODEL AND DATA SETS
In this study, the 750 kW gearbox from the Gearbox Reliability Collaborative (GRC) project at National Renewable Energy Laboratory (NREL) is used [12] , [13] . Tables I and II show the specification of this wind turbine and its gearbox. The gearbox is modeled in a multi-body simulation (MBS) software, SIMPACK, see Fig. 1 .
The loads on gears and bearings are obtained from the decoupled analysis -more information about this approach can be found in Nejad et al. [14] and [15] . 60-second measurements of the global torques in a steady-state, nontransient condition under 100% torque representing the rated wind speed and 50% of rated wind speed are collected from the GRC dynamometer test bench. The input measurement is then applied on the MBS model -see Fig seconds of data are removed to avoid numerical convergence uncertainties.
The bearing fault is modeled by changing the stiffness and clearance parameters of the bearing in MBS model. The non-faulty bearing is modeled by initial clearance and linear stiffness in multi body model. The damaged bearing follows a larger clearance and stiffness curve compared to the nonfaulty bearing.
Two fault cases are considered, Fault 1 and Fault 2 in which one bearing in high speed stage and medium speed stage is defected. All load cases are simulated at the rated and 50% of the rated wind speed.
In a gear pair, the angular velocity error function, e is defined as [11] :
in which ω out [n] and ω in [n] are output and input angular velocity respectively. The α is the inverse gear ratio.
The defect in the bearing changes the angular velocity error. The idea presented by Nejad et al. [11] is to capture the gear or bearing defects by signal processing of angular velocity error in the frequency domain, assuming the frequency content to change with time as a fault develops. The reference, non-faulty angular velocity error is obtained from the gearbox multi-body model (MBS). In practice, the reference values can be constructed by MBS model for whole range of operational wind speeds. Fig. 2 illustrates the fault cases and the location of the measuring sensors.
The simulation results show possibility of fault detection in Fault 1 and 2 cases, with bearing defect in high speed and intermediate speed shafts [11] . This two load cases are further investigated in this paper at 100% and 50% torque loads. Fig. 3 and 4 present the frequency spectra comparison between reference value and error function in Fault 1 at 50% and 100% input torque. The Fault 1 error function is calculated from ω HS and ω IM S . It appears that this fault can be detected in the frequency range 60-60.5Hz.
For Fault 2, the defect can be seen in the frequency range 25-27.5HZ as shown in Fig. 5 and 6 . The Fault 2 error function is calculated from ω LS and ω IM S . The Fault 2 defect can be also detected from the gearbox input/output velocity sensors ω M S and ω HS as shown in Fig. 7 . More information and discussion on the method and model can be found in Nejad et al. [11] .
III. FREQUENCY BASED DETECTION SCHEME
This problem of detecting changes in resonance frequency of a system, like the wind turbine gearbox, requires in principle a joint time-frequency based method, which provides support both in time and frequency, see [16] , which covers a number of possible schemes from windowed FFT (Fast Fourier Transform) to Wavelet bases and other specific time frequency bases. The problem is a joint time and frequency problem since the frequency response changes with time as faults develops. This resonance frequency changing fault is illustrated in the frequency domain in Fig. 8 , which shows an example of resonance frequency decreasing in value. In the following the approach proposed in [10] is presented and adjusted to the specified Gearbox model. In questions of finding a suited base for detecting certain phenomenons in time, frequency or time/ frequency domains, it is important to find a base which supports the phenomenon which one wants to detect. In this case the problem is to detect a changing resonance frequency, it would be relevant to consider a windowed FFT or cosine base, which basically shows the frequency domain for given time intervals/ windows. The window length should be selected such that short time variations in the operation is leveled out, while short enough to detect changes in frequency content of the measurements, like changes in different resonance frequencies. The frequency responses obtained by the windowed FFT algorithm would subsequently be compared to determine if the response is as expected. The problem with such a scheme is that it is relatively computationally demanding. The development of faults in the gearbox can be considered having very slow time constants, and is significant slower than the dynamics of the gearbox itself.
Instead an approach is proposed in which it is assumed that a certain energy level will be present at a given frequency, e.g. due to resonance frequency, f . Define the signal on which the frequency detection should be applied, y [n] .
The first step is to extract the energy in the signal at the requested frequency, by a band pass filter, H f [z]. This filter is subsequently applied to the signal y[n] to obtain y Hf [n] .
The next step is to compute the energy in the signals for a given window length, L. The energies, E Hf [n], for the energy in the band pass filtered signal, and E[n] the energy in the normal signal, are computed as:
in which,
Subsequently a ratio, γ[n], between these two energies can be computed, which can be used to detect if the energy level at this frequency drops, which could indicate the frequency spectrum of the system changes.
This ratio γ[n] would subsequently be compared with a thresh hold κ.
In cases where the resonance frequency is depending on operational conditions, the center frequency of the H f filter can depend on this, and a number of filters might have to be computed in advance.
A. Specific Design
In this considered case the sample frequency is at 200 Hz. In the specific application it is necessary to filter out the DC energy content in the signal y[n] before the proposed scheme is applied to y[n], a cut off frequency at 0.5 Hz is selected for this low pass filter. Consequently a low pass filter with a cut off frequency at 0.5 Hz is applied to y[n] before E[n] is computed. The used low pass filter , L[z], can be seen in (7) .
In [11] and Sec. II it was found that the faults were detected in the frequency ranges 60-60.5Hz and 25-27.5HZ for Fault 1 and Fault 2 respectively, see also Section II. H f [z] was designed using the Matlab function butter, which designs Butterwoth filters, a filter of order 3 with a center frequency at 60.25 Hz and 26.25 Hz were respectively designed. The filter with a center frequency at 60.25Hz relates to fault 1, and is subsequently denoted H f 1 and the other filter relates to fault 2, and is subsequently denoted H f 2 . The filters can respectively be seen in (8) and (12) . The amplitudes of these filters can be seen in Figs. 9 and 10 .
in which 
The window length L and the threshold values κ 1 and κ 2 which are the threshold values for the two respective faults are found based on trial and error on the data obtained from the model presented in Sec. II, these parameters are found in Section IV in which the proposed scheme is simulated and evaluated.
IV. SIMULATIONS AND RESULTS
A part of this design is based on trial and error on the simulated data, meaning that certain parameters are found based on simulations with the model. It is at present not possible to introduce the faults in the gearbox within a simulation, so the method is applied to data sets with and without faults in the entire range of these data sets. The computed values of γ 1 and γ 2 are subsequently average over the entire data sets, this means that L = 12001.
Wind turbines operates normally in a number of modes. The two main modes are partial load in which the rotor speed is variable and this is used to extract the maximum energy from the wind, and full load in which the rated power is generated by the turbine, in this mode a constant rotor speed are kept. The data is generated in case of partial load (50%) power operation and full load power operation of the wind turbine of the wind turbine, details on wind turbine operation can be seen in [17] . The results can be seen in Tables III -IV. In both load cases it is clear that both Fault 1 and Fault 2 can be detected, and thresh holds κ 1 and κ 2 can in both cases be set at 0.22, which ensures that the faults are detected and as well significant higher than the largest value of γ 1 and γ 2 in the fault free cases, such that false positive detections can be avoided.
This study has shown that the proposed filter based approach for time-frequency based fault detection of wind turbine gears using generator and rotor speed measurements shows a potential on data obtained from a high fidelity wind turbine gearbox model. The next steps would be to apply the scheme for detection of other kinds of gear box faults like spalls and cracks, and as well to test it on a model of a larger offshore turbine, since potential for such a fault detection scheme are higher in large offshore turbines than in smaller onshore turbines. A second task would be to apply it on more data to give a better statistical basis on which to draw conclusions.
V. CONCLUSION
In this paper a time-frequency based detection scheme implemented using filters, which output are averaged over a certain window length is applied to simulation from a high fidelity wind turbine model of a 750kW wind turbine gearbox. The proposed scheme shows it potential in detecting two potential faults in the gearbox, which normally would be detected using a condition monitoring systems which runs in parallel with the wind turbine control system, using its own computer and expensive additional sensors. The potential of the proposed scheme is to include fault detection of the wind turbine gearbox in the existing wind turbine controller using the sensor signals normally available for the wind turbine controller. This do present a potential cost reduction in the wind turbines, and thereby lowering the cost of energy.
